Balanced crop load is key to the production of export-quality cherries. We investigated the level and timing of crop load regulation on fruit quality. Additionally we sought to investigate possible correlation between firmness estimated by compression test or flesh penetrability. Fruit diameter was similar between 1 and 2 bud/spur treatments but was significantly lower in the 4 bud/spur treatment at all thinning times in 'Van' in the 2010/11 season. In contrast 'Sweetheart' fruit diameter was only decreased at 6 and 8 WAFB in the 4 bud/spur treatment in 2010/11. This decrease in 'Sweetheart' was associated with significantly higher soluble solids and starch reserves in leaves, stem, trunk and roots 2-weeks post-harvest in trees thinned at dormancy, relative to trees thinned 8 WAFB. Fruit flesh firmness significantly increased with decreased crop load irrespective of time of thinning in 'Van' in 2010/11. In contrast flesh firmness was significantly higher in the 1 bud/spur treatment and similar between other treatments in 'Sweetheart' in 2010/11. In 2011/12 flesh firmness, soluble solids and colour significantly increased whilst fruit weight and TA significantly decreased 28 days post-harvest relative to at-harvest values. We found strong correlation between values obtained with the FirmTech II and the Guss fruit texture analyser. Sweet cherry fruit quality is optimised through attaining crop load of approximately 10 fruit per cm 2 of limb cross-sectional area through thinning at dormancy or full bloom.
vigorous Mazzard F-12/1 rootstock trained to a central leader system. These authors speculated that the lack of response in Lapins/F-12/1 trees was due to fruit sink limitation or competition by vegetative sink. Einhorn et al. (2011) similarly reported no consistent quality responses to varying crop load on variety 'Sweetheart' on Mazzard F-12/1 and Measham et al. (2012) did not see any positive effect on fruit size or sugar accumulation after thinning in 'Regina' on Mazzard F-12/1 trained to a bush system. In a study of 'Lapins' on Maxima 14 rootstock, a positive effect on fruit size distribution following spur and bud thinning was observed, but without a reduction in yield (von Bennewitz et al., 2010) , whereas yields were reduced on Sweetheart/F-12/1 after bud thinning such that the lowest crop loads returned the lowest returns to the grower in two consecutive seasons (Einhorn, 2011) . Neilsen et al. (2007) make the observation that spur extinction results in permanent yield reductions, regardless of factors that may alter annual fruit set and additionally, that fruit firmness was only improved in lower cropping trees in one season. Measham et al. (2012) found no interaction or main effect of crop load intensity or timing of thinning on fruit firmness, but an interaction was evident on fruit size. The potential for crop load manipulation to positively influence fruit quality seems to be highly dependent on variety, rootstock and training system, as well as the level of crop load set.
A recently developed training system, known as the Kym-Green-Bush or KGB (Green, 2005) , is comprised of 10-15 branches arising from the main trunk which is headed in the first year at approximately 0.3 m from soil level. This system spreads vigour, provides superior internal rate of return compared to trellised Tatura or Sol-Axe systems (Close et al., in press) , and relies on vegetative shoots only on the branches in addition to spur leaves for carbohydrate supply.
The objective of this study was to investigate the impacts of both crop density, and timing of crop load regulation by bud, flower or fruitlet thinning, on fruit quality of 'Van' and 'Sweetheart' on Mazzard F-12/1 rootstock trained to the KGB system. It was hypothesized that, given the lack of lateral shoots and therefore potentially low carbohydrate supply, fruit quality would be improved by thinning, and that crop load effects on fruit quality would be less apparent with later thinning due to lost carbohydrate resource invested in bloom and fruitlets. Additionally we sought to investigate possible correlation between firmness estimated by the FirmTech II or the GÜSS Fruit Texture Analyser.
Methods
Three trials were conducted on commercial orchards in southern Tasmania, Australia; at Plenty in the Derwent Valley (42°71'S, 146°90'E) , and Old Beach (42°71'S, 146°90'E) over two consecutive seasons on mature, regular bearing 'Van' and 'Sweetheart' sweet cherry trees. Studies commenced in spring of 2010.
In the 2010/11 season, Trial 1 was conducted on 18-year-old 'Van' trees at Plenty and Trial 2 on nine-year-old 'Sweetheart' trees at Old Beach, near Hobart. The following season (2011/12) Trial 3 was conducted on nine-year-old 'Van' trees at Plenty. These varieties were chosen to represent a commonly grown variety (Sweetheart) and a variety that generally has a higher crop load (Van) than other varieties.
All trees were on F-12/1 rootstocks and pruned to a KGB system. Row orientation in all trials was north-south, with a planting spacing of 4.8 m x 2.5 m in Plenty, and 4.3 x 2.0 m in Old Beach. Trees were subjected to standard orchard management with respect to irrigation, fertilisation and pest management.
Experimental Design
For each trial, trees were selected while dormant. Trees were blocked into groups depending on position within the row, and treatments were allocated at random to single tree plots within each block in a randomised complete block design. There were six replicates in Trials 1 and 2 and five replicates in Trial 3. In Trials 1 and 2 whole trees were used as the experimental unit whereas in Trial 3, two representative limbs were chosen on opposite sides of each tree.
Treatments
In all trials, buds/flowers or fruitlets were removed by hand (randomly selected given that we have previously tagged buds at dormancy and shown no effect on subsequent fruit quality) from whole trees to each crop load level at each thinning time as follows; Trial 1: Crop load levels were achieved by thinning to 1, 2 or 4 buds per spur at pre-bloom (approximately 28 days prior to full bloom), full-bloom (FB), 2 weeks after FB (WAFB), 4 WAFB, or 6 WAFB, giving a factorial arrangement of three crop loads x five thinning times.
Trial 2: Crop load treatments were applied as in Trial 1 with an additional thinning time of 8 WAFB, giving a factorial arrangement of three crop loads x six thinning times.
Trial 3: Crop load levels were achieved by thinning to 2 or 4 buds per spur or left with the natural crop load at pre-bloom or 6 WAFB, giving a factorial arrangement of three crop loads x two thinning times.
Sampling
Harvest of experimental plots occurred in the mornings and was coordinated with commercial harvest in each orchard. All fruit from Trial 1 was picked into lugs by the grower (any rotten fruit was discarded by the pickers). Fruit for each tree was weighed in the field using a Salter Model 235 6s hanging scale suspended from a tripod and a subsample of at least 300 fruit taken for further analysis. Due to adverse weather conditions prior to harvest, Trial 2 was abandoned by the grower. The harvest regime was modified such that 2 limbs were harvested on each tree and total number and weight of fruit recorded separately for each limb. In Trial 3, all fruit was harvested from two marked limbs. Trunk (TCSA) and limb (LCSA) cross-sectional areas were calculated from circumference; measured at 4 cm above the graft union or at the base for trunk and limb respectively. Estimation of total yields in each trial was based either on total weight but not total fruit number (Trial 1) or as a multiple of fruit numbers per branch.
Harvested fruit from each trial was returned to the laboratory, weighed and sorted as either marketable, cracked or otherwise. From this data percent fruit cracked was calculated. For quality assessments a subsample of 25 blemish-free fruit was taken from each replicate of Trials 1 and 2, and 30 fruit from Trial 3.
Leaf (fully expanded on outer canopy) and wood samples (one sample from each aspect = 4 samples per tree) for analysis of TSS and starch were taken two weeks after harvest from all trial trees thinned at dormancy and 8 WAFB in Trial 2 only. Two branches (east and west aspect) and the main trunk were sampled with a tree corer, whilst woody root material was sampled using a soil auger.
Assessments (Quality)
Fruit diameter was measured using digital vernier calipers and fruit weight was recorded using an AND digital balance (model GX-4000). Skin colour was assessed using the CTIFL (Centre Technique Interprofessionnel des Fruits et Légumes) color chart for cherries. A GÜSS Fruit Texture Analyser, model GS-20, fitted with a 2 mm penetrometer probe, operating at a penetration speed of 10mm/second and a penetration depth of 4mm, was used to measure flesh firmness (on pared flesh) and skin puncture force. In the second year, fruit firmness was also assessed using a Bio Works FirmTech II Fruit Firmness Tester, and stem retention was assessed by determining the stem pull force measured with a stand mounted Mark 10 force gauge. The incorporation of the FirmTech II into our fruit quality assessment allowed for investigation of correlation between values obtained with this and the GÜSS Fruit Texture Analyser. Fruit from each replicate were then juiced collectively and 3 individual samples taken for measurement of total soluble solids (TSS), pH and titratable acidity (TA). TSS concentration ( o Brix) was assessed with an Atago PR-1 digital refractometer, and juice pH and TA were determined using a Mettler Toledo G20 compact titrator.
In Trial 3, a further subsample of 30 fruit was taken from each replicate, placed into polyethylene bags which were then sealed to maintain the ambient environment at close to 100% relative humidity and then stored at 0°C with no atmospheric control. These fruit were assessed for post-harvest quality attributes as above after 28 days storage.
Assessments (Carbohydrate Analysis)
Soluble sugars were extracted from 100 mg of dried, powdered leaf or wood tissue. For each sample, 3 mL of 80% (v/v) ethanol was added and incubated at 60°C. The samples were then centrifuged at 4000 g for 10 min at 8°C. The supernatant liquid was kept in a separate tube and the pellets were again extracted similarly, twice more. The supernatants were combined and frozen until analysis for soluble fructose, glucose, sucrose, and sorbitol using HPLC -MS (Mehouachi et al., 1995) . The residue was then analysed for starch (St) concentration. Starch remaining in the undissolved pellet of plant material after ethanol extractions were enzymatically (amyloglucosidase; Fluka-10115, Sigma-Aldrich, St Louis, MO, USA) reduced to glucose using the method detailed by Palacio et al. (2007) . The concentration of starch was determined by a phenol-sulfuric acid colorimetric assay (Dubois et al., 1956) as modified by Buysse and Merckx (1993) .
Data Analysis
Data were subjected to Analysis of Variance and/or Linear Regression analysis using Genstat 12.1 (VSN International Ltd). Data are presented as mean values for each treatment. Significance was calculated at P = 0.05 www.ccsenet.org/jas Journal of Agricultural Science Vol. 5, No. 8; 2013 and least significant difference (LSD) used for comparison of mean values in the tables and figures. No data transformations were necessary.
Results

Crop Yields
There were significant differences in estimated yield efficiency (Table 1) with level of bud thinning in Van in 2010/11 (F 2,74 =46.14, p<0.001) and 2011/12 (F 2,58 =5.42, p=0.007) but timing of thinning was not significant and there were no significant interactions. Reducing bud density showed similar trends in both cultivars in the first season (Trials 1 and 2), with the 1 bud/spur treatment resulting in approximately half the crop load (represented as number of fruit per cm 2 LCSA) of the higher thinning level (Figure 1 ). Natural fruit set in the second season (Trial 3) was very low; thinning to 2 buds/spur in this trial reduced crop load to approximately 50% of the natural set ( Figure 1 , Table 1 ). Table 1 . The effect of bud thinning on yield efficiency (g fruit per cm2 tree cross-sectional area (TCSA) for Trial 1 and limb cross-sectional area (LCSA) for Trials 2 and 3) in 'Van' and 'Sweetheart'. Bars represent one standard error of the mean. Note crop load in the Van 2010/11 trial is based on TCSA of 'Van' and 'Sweetheart' cherry varieties on F-12/1 rootstocks and pruned to a KGB system. Means within columns followed by different letters are significantly different as calculated by least significant difference at P = 0.05 using Genstat 12.1 (VSN International Ltd)
Yield efficiency (g/cm 2 ) As shown in Table 1 , yield efficiency (g fruit/cm 2 ) in 'Sweetheart' and 'Van' sweet cherry. 
Quality at Harvest
Fruit diameter, flesh firmness, skin puncture force, TSS, and TA negatively correlated with fruit/cm 2 LCSA in Trials 2 and 3 (Table 2) . Similarly, FirmTech and stem pull values negatively correlated with fruit/cm 2 LCSA in Trial 3 (Table 2) . As shown in Table 2 , correlations of quality attributes with fruit load per trunk (Trial 1) and limb (Trials 2 and 3) cross-sectional area (cm 2 ) (x).
There was a significant interaction effect of thinning level and timing of thinning (F 8,2249 =9.17, p<0.0001) on fruit diameter in Trial 1; 'Van' in 2010/11 (Figure 2 ). However fruit diameter from trees which were thinned to the 1 and 2 buds/spur treatments generally followed similar patterns, whilst diameter was generally lower from the 4 buds/spur treatment at all thinning times. Similarly, there was a significant interaction effect of thinning level and timing of thinning (F 10,2249 =12.83, p<0.0001) on fruit diameter in Trial 2; 'Sweetheart' in 2010/11 (Figure 2 ). However in contrast to 'Van', fruit diameter was generally only lowered by the 6 and 8 WAFB in the 4 bud/spur treatment. Different responses to time of thinning between varieties were observed. A general decrease in size was observed in fruit from trees thinned later than FB in 'Van', irrespective of crop load, but no such general decrease was observed in 'Sweetheart'. In Trial 3, thinning time had no effect on fruit diameter (results not presented), but level of crop load had a significant effect (F 2,892 =20.53, p<0.0001) with larger fruit occurring at the lowest crop load. Fruit size in general was higher in 'Van' in 2011/12 than in 2010/11. Mean fruit weight was inversely related to crop load in Trial 3 (weight = 13.13 -0.056 * crop load; R 2 = 0.79). Fruit weight was also positively correlated with fruit diameter (weight = 0.82 x diameter -12.30, r 2 = 0.92). There were no effects of crop load or timing of thinning on fruit colour (results not shown). There was significant effect of crop load (but no effect of timing of thinning) on percent fruit cracking in Van in 2010/11 (F 2,74 =51.20, p=<0.001; Figure 6 ) but not in 2011/12. There was a significant effect of crop load on cracking in Sweetheart in 2010/11 also, but this was part of another study that has been published elsewhere (Measham et al.,2012) . 
Crop Load and Carbohydrates
'Sweetheart' trees thinned at dormancy contained significantly greater soluble solids and starch at two weeks postharvest in leaves, stem, trunk and roots than trees thinned 8 WAFB (Figure 9 ). Trees thinned while dormant had double the TSS in leaves compared to roots, while branch and stem levels were approximately half that of roots. A different pattern was seen in the late-thinned trees, with leaf and roots having similar sugar levels. . Each symbol represents an average of five replicates, each comprising 15 fruit from two branches. Each symbol was from separate treatments of thinned to 2 or 4 buds per spur or left with the natural crop load at pre-bloom or 6 weeks after full bloom, i.e. three thinning treatments x 2 thinning times = 6 treatments. y=0.0004x-0.0416, R 2 =0.9244, p<0.0001
Discussion
This study reveals significant interaction between crop load and the time of thinning on sweet cherry fruit quality. High crop loads resulted in significant reductions to fruit size in 'Sweetheart' when thinned several weeks after flowering (i.e., 6 and 8 WAFB), but there was no loss of size with earlier thinning. Further, these late thinning times resulted in significant decreases in firmness and TSS under higher crop loads in 'Sweetheart'. The reductions in TA of fruit from trees thinned after FB were not observed in fruit from trees thinned earlier. These findings are consistent with earlier reports that supply of carbohydrates and nutrient resources is limited under high crop load (Proebsting & Mills 1981) . This may be particularly so for 'Sweetheart' trees trained to the KGB system and thinned after full bloom, presumably due to greater investment of carbohydrate resources in fruitlets that were subsequently thinned. This suggestion is supported by our data on tree carbohydrate reserves that reveal significantly lower levels in limbs thinned 8 WAFB compared with those thinned while dormant. However, replication of the impacts seen in this study on 'Sweetheart' would be required to show that they are consistent. The results for 'Van' in 2010/11 were in contrast to the results found in 'Sweetheart'. Studies by Einhorn et al. (2011) and Measham et al. (2012) have shown that manipulation of crop load has had inconsistent results over different seasons. A general decline in fruit size was observed with time of thinning from FB irrespective of crop load treatment and no effects of timing of thinning on firmness, TSS or TA were observed in Van in 2010/11. The reasons for the difference in response between varieties in 2010/11 can be speculated to be variety or age-related differences, although crop load differences can be eliminated as the treatments arrived at virtually identical crop loads between the varieties.
The results of this study may imply a distinct carbohydrate source:sink relationship in 'Sweetheart' relative to 'Van', where carbohydrate source is limiting potential fruit size and earlier thinning results in quality benefits such as increased size -perhaps due to greater resource availability for cell division given that cell division is complete within 10 days of full bloom (Tukey & Young 1939) and that no similar decline was seen in firmness, TSS or TA. That potential fruit size is set early in the fruit development ontogeny is tacitly supported by the lack of considerable difference in size between the 1 and 2 bud/spur treatments in either variety whilst firmness was significantly higher in the 1 than the 2 bud/spur treatments in both varieties in one season. This is additionally supported by an earlier study (Measham et al., 2012 ) that suggested pre-bloom thinning would be more effective for manipulating size whilst minimizing the risk of fruit cracking through water uptake during cell expansion in the later stages of fruit growth. Vol. 5, No. 8; 2013 This study observed distinct impacts of crop load manipulation in 'Van' over two seasons. The impacts of crop load on fruit quality were only significant in the first season, when the natural crop load was generally higher than the second season. This is consistent with other studies that suggest crop load manipulation as a means to improve fruit quality is neither consistent, nor necessary, unless a high natural crop load occurs (Neilsen et al., 2007, Einhorn et al., 20011; Measham et al., 2012) . It should be noted that crop loads in all trials in this study range from medium to light according to the criteria set by Neilsen et al. (2007) , however these values were set for fruit grown on 'Gisela 5' rootstock which is precocious compared to F-12/1 (Robinson and Hoying in press). These authors suggest that 400 g fruit/cm 2 trunk cross-sectional area (or approx. 45 fruit/cm 2 TCSA) represents a high crop load for Lapins, while 100 g fruit/cm 2 trunk cross-sectional (or approx. 10 fruit/cm 2 TCSA) area is a high load for 'Bing, and that high crop load thresholds therefore vary with variety. Measham et al. (2012) did not find a fruit size diminishing effect in trees grown on Mazzard until a threshold of 25 fruit/cm 2 TCSA was achieved, and that the risk of cracking increased below a threshold of 10 fruit/cm 2 TCSA in several varieties. Moreover, in manipulated crop load trials (Measham et al. in press) and in a survey of natural crop load (Measham et al. 2012 ) of varieties grown in Southern Tasmania, loads rarely exceed 15 fruit/cm 2 TCSA. Regulating crop load for optimum size therefore, relies on the knowledge of crop load thresholds at which size diminishes for each variety/rootstock combination. In these previous studies and in the second year of this current study, the levels may not have reached that threshold.
Negative correlations of all quality parameters, except colour, were found with increasing crop load. This emphasizes the need for effective crop load monitoring, with regulation as needed, particularly where high quality of fruit is necessary for successful export. Whilst most quality measure, comparisons within the 2010/11 season were similar for a given crop load and time of thinning, flesh firmness was higher for a given crop load in 'Sweetheart' than 'Van'. Olmstead et al. (2007) reported differences between cultivars in fruit mesocarp cell numbers, hence the difference in firmness observed between 'Sweetheart' and 'Van' fruit in this study may be attributable to differences in cell numbers between the two cultivars. The two varieties also have different ripening periods such that cell expansion and water content could be a contributing factor. Strong correlations were found between firmness measured with a FirmTech compression test and either a skin or flesh penetration test measured with a Güss texture analyser, irrespective of whether fruit was measured at harvest or 28 days post-harvest. This is despite the skin puncture measure including force required to puncture relatively 'elastic' skin that may not reflect flesh firmness (Looney & Webster 1996) . These correlations suggest that for practical purposes, measurement of firmness with the relatively quick Firmtech can replace either flesh firmness or skin puncture force penetrometer measurements. Additionally, results can be easily assimilated by industry stakeholders as it is a widely used tool in processing houses.
Post-harvest fruit quality assessments of 'Van' fruit showed an increase in all measures of firmness due to dehydration, consistent with the decrease in fruit weight (Drake & Elfving, 2002; Alique et al., 2006; Puniran et al., 2012) . Whilst crop load affected sugars and TA at harvest, treatments responded similarly post-harvest, emphasizing the importance of initial quality to the consumer experience post-harvest. This is consistent with the conclusion of Kupferman (1986) that the best time to harvest is at Mahogony stage when firmness, weight and TSS are highest. However, according to Drake and Elfving (2002) , while skin colour has long been accepted as the best indicator for the appropriate harvest maturity, loss of quality after storage for 14 days or more is higher for fruit harvested at normal commercial time or later compared with harvesting up to 5 days earlier. Hence there is a risk in harvesting too mature and allowing acidity to drop which has significant implications for flavour perception.
Conclusion
The bud thinning technique employed resulted in a wide spread of crop loads, and is therefore superior to the use of ATS sprays (eg. Schoedl et al., 2009) for the purpose of investigating fruit quality and carbohydrate storage responses to crop load regulation, particularly as all chemical thinning agents can impact negatively on fruit quality (Bound, 2001 ).
This study showed that crop load and timing of thinning interact -particularly for fruit produced using the KGB system. Results indicated that internal carbohydrate reserves were significantly depleted in late-thinned limbs, although it must be cautioned that these were only investigated in one season. Generally, sweet cherry fruit quality (size, firmness, sugar, acid and stem retention) was optimised through attaining crop load of approximately 10 fruit per cm 2 limb cross-sectional area through thinning at dormancy or full bloom in this study, although it must be cautioned that poor cracking outcomes have been observed when thinned at full bloom (Measham et al., 2012) . It is worth noting though that desired crop loads that optimise fruit quality at harvest can only be achieved by thinning if natural load is high, but that diameter increases of 2-3 mm in response to thinning can increase fruit value by www.ccsenet.org/jas Journal of Agricultural Science Vol. 5, No. 8; 2013 $2-3/kg if it results in 'up-sizing' to 28 mm+ or 30 mm+ size categories (Reid Pers. Comm. May 2013).
Additionally, achieving quality from low loads must be balanced with the risk of increased cracking (Measham et al., 2012) and in some cases reduced yields (Einhorn et al., 2011) or very large soft fruit (Neilsen et al., 2007) . The development of a 'user-friendly' guide for growers to assess fruit set and subsequent crop load quickly would be beneficial in decision making processes around thinning for optimal fruit quality.
The similar rates of deterioration in post-harvest quality regardless of crop load or timing of thinning per se, emphasises the importance of fruit quality at-harvest to ensure post-harvest quality of exported fruit for the consumer. This study exposes the interactive effects of the level and timing of crop-load regulation on cherry fruit quality. Alternative growing systems may result in more effective light capture and therefore enable the production of higher yields, without a cost to quality, than that currently achieved under the KGB system.
